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CpGs in the vertebrate genome are tar-gets for DNA cytosine methyltrans-
ferases. Methylation leads to local
transcriptional repression and is essential
for normal development in the mouse1.
Both gametogenesis and early embryoge-
nesis of mouse are accompanied by
changes in global levels of DNA methyla-
tion2,3. Methylation levels are lowest in
blastocyst DNA, but are restored to nor-
mal by the time of implantation. Several
single-copy genes, repetitive sequences
and transgenes have been shown to lose
methylation in the early embryonic
stages4. Notably, some imprinted regions
have been shown to remain highly methy-
lated through the blastocyst stage despite
global hypomethylation4,5.
The functional significance of reduced
methylation is not known, but it has been
suggested that gametic methylation pat-
terns must be reset in the early embryo to
re-programme the genome for the next
round of somatic development2,4. If so, it
might be expected that global loss of
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Fig. 1 High levels of DNA methylation in gametes and early embryonic stages of zebrafish. a, A Southern
blot of DNA samples (100 ng) from sperm, adult tail and embryonic stages (2.2 h–5 d) hybridized with the
DANA repeat probe. After digestion with EcoRI (R), EcoRI/HpaII (H) or EcoRI/MspI (M), digests were assayed
for completeness by co-incubating an aliquot (1/10) of the mixture with plasmid DNA (100 ng). Southern
blots were prepared and hybridized using standard protocols. The DANA repeat probe was prepared by
amplification of genomic DNA using primer sequences Dana-1, 5´–GGCGACRCAGTGGCGCAGTRGG–3´, and
Dana-2, 5´–TTTTCTTTTTGGCTTAGTCCC–3´ (ref. 6). b, Map-plots of CpG distribution (top line) and position
of sites tested for methylation at fgf-3, whn and rag-1. Vertical lines indicate the position of CpG dinu-
cleotides. Methylated sites in adult DNA, as determined from Southern blots, are indicated by filled circles;
partially methylated sites by half-filled circles. The regions tested by genomic sequencing are bracketed.
c, Bisulfite sequence analysis of all CpGs in above segments of fgf-3, whn and rag-1. The CpGs in each DNA
sequence are represented by filled circles (methylated) and open circles (non-methylated). Methylation of
rag1 in the egg sample was not analysed. The number of clones with each methylation pattern is shown
on the left. Genomic sequence by bisulfite modification was obtained using standard procedures5,11. The
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methylation would be a conserved feature
of early vertebrate development. Because
there is little data on other animal systems,
we investigated methylation of repetitive
DNA sequences and single-copy genes
during development of the zebrafish.
Embryos were collected at 2.2 hours
(64–128 cells), 3 hours (1,000–2,000
cells), 6 hours (gastrula) and 24 hours
(heartbeat) after fertilization. To analyse
the methylation status of repeated
sequences, we hybridized Southern blots
of HpaII- and MspI-digested DNAs with a
probe derived from the short interspersed
repeat element (SINE), DANA, which
makes up approximately 10% of the
zebrafish genome6. We found that the
DANA sequences in all samples were resis-
tant to HpaII, but were cut by MspI to pro-
duce heterogeneous small fragments plus
a prominent band at 180 bp (Fig. 1a).
Thus, contrary to a previous report7, we
find that DANA repeats are consistently
highly methylated at testable sites in
sperm, adult and embryonic stages of the
zebrafish. Equivalent results were
obtained when blots were probed with
ribosomal RNA genes (data not shown).
The genome as a whole is highly methy-
lated at HpaII sites in the developing
embryo, sperm and adult, as indicated by
ethidium bromide staining of the genomic
DNA after electrophoresis (data not
shown). We next tested three single-copy
zebrafish genes chosen at random from
the GenBank database: whn (related to the
mouse gene Hfh11; ref. 8), fgf3 (a fibro-
blast growth factor gene9) and rag1 (asso-
ciated with recombination10). Methylated
regions in each gene were first determined
by methylation-sensitive restriction endo-
nucleases and Southern-blot hybrid-
ization of adult tail DNA (Fig. 1b). We
then tested methylation of all CpGs in a
short region in each of the three genes by
bisulfite sequencing11 of DNA isolated
from sperm, egg and embryonic stages,
including at 1.2 hours (4–8 cell stage;
Fig. 1c). Like repetitive sequences, these
regions of single-copy genes are highly
methylated in all samples (Fig. 2).
Our results indicate that development
of a complex vertebrate need not involve
global demethylation of the genome dur-
ing embryogenesis. We did not detect pas-
sive loss of DNA methylation over several
cell divisions, as seen in the mouse3. In
theory, sudden global demethylation/de
novo methylation may have escaped detec-
tion, but there is no reliable precedent for
this. Why should the methylation status of
zebrafish embryonic DNA be different
from that of the mouse? There are several
possible explanations. Two phenomena
associated with DNA methylation in
mammals, parental imprinting and X
inactivation, may not occur in zebrafish.
No endogenous parentally imprinted
genes have been described, and if imprint-
ing were to exist, it is unlikely to affect
essential genes, as androgenetic and gyno-
genetic zebrafish are viable12. In the
mouse, however, androgenetic and gyno-
genetic embryos fail to develop to
term13,14. One hypothesis is that imprint-
ing is a mammalian phenomenon and
establishes the fetal-maternal relationship
and development of the placenta15. There
may be a relationship between embryonic
loss of methylation and the requirement
for an imprinted genome in the mouse.
Parental alleles of some imprinted genes
are differentially marked by methylation
and a mechanism exists to maintain this
mark in the preimplantation mouse
embryo when global demethylation takes
place4,5,15. Low Dnmt activity at this time
might prevent accidental de novo methyla-
tion of non-methylated (but perhaps
silent) parental alleles without jeopardiz-
ing maintenance of the imprinting signal.
Alternatively, loss of methylation from the
mouse blastocyst genome may serve to
erase methylation from the gene Xist,
enabling random X inactivation to pro-
ceed in the post-implantation embryo15.
In the absence of imprinting and X inacti-
vation, the zebrafish would not need
either of these mechanisms. A third possi-
bility is raised by the observation that the
mammalian genome (unlike that of other
vertebrates) is activated very early during
development16, suggesting that the loss of
methylation from the mouse embryo may
facilitate the early activation of zygotic
transcription. Other vertebrates, such as
the zebrafish, may not require input from
the zygotic genome until later, and instead
rely on maternal factors derived from the
oocyte. In the meantime, the silent
embryonic genome remains methylated.
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Fig. 2 Average methylation levels at three single-copy genes during early development of the zebrafish.
Triangles, fgf3; filled squares, whn; circles, rag1.
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